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Synaptotagmin VII as a Plasma Membrane
Ca21 Sensor in Exocytosis
synaptotagmins are present at lower levels. Most synap-
totagmins are widely expressed at low abundance out-
side of brain (Hudson and Birnbaum, 1995; Li et al.,
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sophila (Rubin et al., 2000). The widespread expressionThe University of Texas Southwestern
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mins suggests that the different synaptotagmins may6000 Harry Hines Boulevard NA4.118
perform separate functions. However, the functions ofDallas, Texas 75390
synaptotagmins other than synaptotagmins I and II are
unknown.
Synaptotagmins I and II are the best characterized,Summary
“prototypical” synaptotagmins. They are concentrated
on synaptic vesicles where they likely serve as Ca21Synaptotagmins I and II are Ca21 binding proteins of
sensors during exocytosis (Perin et al., 1990; Brose etsynaptic vesicles essential for fast Ca21-triggered neu-
al., 1992). Strong evidence for this hypothesis is derivedrotransmitter release. However, central synapses and
from the observation that synaptic transmission is se-neuroendocrine cells lacking these synaptotagmins
verely impaired by mutation of synaptotagmin I in micestill exhibit Ca21-evoked exocytosis. We now propose
(Geppert et al., 1994), or of its presumed ortholog in fliesthat synaptotagmin VII functions as a plasma mem-
and worms (Littleton et al., 1993; Nonet et al., 1993;brane Ca21 sensor in synaptic exocytosis complemen-
Broadie et al., 1994). Detailed electrophysiological stud-tary to vesicular synaptotagmins. We show that alter-
ies of synaptotagmin I mutant mice revealed a selectivenatively spliced forms of synaptotagmin VII are expressed
role for synaptotagmin I in Ca21-triggered synaptic vesi-in a developmentally regulated pattern in brain and are
cle exocytosis: only the fast component of Ca21-depen-concentrated in presynaptic active zones of central
dent release was impaired whereas the slow componentsynapses. In neuroendocrine PC12 cells, the C2A and
was unaffected (Geppert et al., 1994). In agreement withC2B domains of synaptotagmin VII are potent inhibitors
a Ca21 sensor function in exocytosis, synaptotagmin Iof Ca21-dependent exocytosis, but only when they bind
binds to Ca21 in the presence of phospholipids withCa21. Our data suggest that in synaptic vesicle exo-
micromolar affinity (Davletov and Su¨dhof, 1993). Thiscytosis, distinct synaptotagmins function as indepen-
Ca21 affinity is similar to the recently determined affinitydent Ca21 sensors on the two fusion partners, the
of the putative Ca21 sensor for exocytosis in centralplasma membrane (synaptotagmin VII) versus synap-
synapses (Bollmann et al., 2000; Schneggenburger andtic vesicles (synaptotagmins I and II).
Neher, 2000). Furthermore, studies with knockin mice
showed that a mutation in the C2A domain of synapto-Introduction tagmin I that decreases its apparent Ca21 affinity by
a factor of two also decreases the Ca21 sensitivity of
Synaptotagmins are a family of at least 13 putative mem- neurotransmitter release by a factor of two (Ferna´ndez-
brane trafficking proteins (reviewed in Su¨dhof and Rizo, Chaco´n et al., 2001). As a whole, these data strongly
1996; Schiavo et al., 1998; Marqueze et al., 2000). All argue that synaptotagmin I is a Ca21 sensor in fast syn-
synaptotagmins share a common domain structure aptic exocytosis. The close similarity between synapto-
composed of an N-terminal transmembrane region tagmins I and II suggests that the latter probably has a
(TMR), a short connecting sequence, and two C-terminal similar function.
C2 domains (the C2A and C2B domains). The C2 domains However, several observations show that synaptotag-
of most synaptotagmins bind two to three Ca21 ions, mins I and II alone cannot be responsible for the Ca21
suggesting that they represent Ca21 sensors (reviewed triggering of exocytosis in neurons and in neuroendo-
in Rizo and Su¨dhof, 1998). Based on RNA blotting experi- crine cells. Most important here may be evidence ob-
ments, all synaptotagmins are primarily expressed in tained with mutant PC12 cells that lack synaptotagmins
brain and endocrine tissues (Perin et al., 1990; Geppert I and II (Shoji-Kasai et al., 1992). In these cells, normal
et al., 1991; Hilbush and Morgan, 1994; Mizuta et al., Ca21-triggered exocytosis was observed, suggesting
1994; Craxton and Goedert, 1995; Hudson and Birn- that synaptotagmins I and II are not essential for Ca21-
baum, 1995; Li et al., 1995a; Thompson, 1996; Babity et induced exocytosis. Furthermore, Ca21-dependent neu-
al., 1997; von Poser et al., 1997; Fukuda et al., 1999; rotransmitter release can still be elicited in hippocampal
von Poser and Su¨dhof, 2001). Synaptotagmins I and II, neurons that lack synaptotagmins I and II, although it
closely related isoforms, are the most abundant synap- is much slower than in wild-type neurons (Geppert et
totagmins followed by synaptotagmin VII, while the other al., 1994). Similarly, deletion of the synaptotagmin I or-
tholog in worms and flies causes a severe synaptic phe-
notype but does not completely paralyse these organ-1 Correspondence: thomas.sudhof@utsouthwestern.edu
isms (Littleton et al., 1993; Nonet et al., 1993; Broadie2 Present address: Department of Medical Physiology and Biophys-
ics, University of Seville, Spain. et al., 1994). These results suggest that additional Ca21
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sensors must be responsible for Ca21-triggered release the C2A domain of synaptotagmin VII and are thus spe-
cific (data not shown).in the absence of synaptotagmins I and II.
The synaptotagmin VII proteins observed on immu-Among other proteins, synaptotagmins III-XIII could
noblots could correspond to the products of multiplepotentially function as the “other” Ca21 sensors in exo-
synaptotagmin VII-like genes, or could be generated bycytosis (Li et al., 1995a, 1995b). Of these synaptotag-
alternative splicing of the primary transcript from a sin-mins, synaptotagmin VII is a prime candidate because
gle synaptotagmin VII gene. To distinguish betweenit is relatively abundant. To test the possible function of
these two possibilities, we performed cDNA cloning ex-synaptotagmin VII as a Ca21 sensor in release, we have
periments, PCR analyses, and databank searches. To-now characterized its properties, localization, and role
gether these procedures revealed that the primary tran-in exocytosis. We find that synaptotagmin VII is highly
script of a single synaptotagmin VII gene is extensivelyexpressed in brain only on synaptic plasma membranes
edited by differential splicing (Figure 2). Five blocks ofbut not synaptic vesicles, a localization that is similar
sequence were identified that are variably inserted into,to that of synaptotagmins III and VI (Butz et al., 1999).
or excluded from, the synaptotagmin VII mRNA in differ-Furthermore, we show that synaptotagmin VII is synthe-
ent combinations, resulting in more than 20 distinctsized in a large number of alternatively spliced forms
mRNAs whose structures explain the multiple synapto-whose production is regulated in parallel with synapto-
tagmin VII proteins observed on immunoblots. The alter-genesis. Finally, we demonstrate that synaptotagmin VII
natively spliced sequences were not only observed infunctions in Ca21-triggered exocytosis on the plasma
PCR experiments with single-stranded cDNA from ratmembrane in PC12 cells, supporting the notion that dif-
brain, but also in cDNA clones isolated from a rat brainferent synaptotagmins perform similar functions (Ca21-
cDNA library, and in multiple human EST clones (datatriggered exocytosis) with distinct localizations (synap-
not shown). All of the variable sequences are located intic vesicles for synaptotagmins I and II versus plasma
the connecting sequence between the TMR and the C2membranes for synaptotagmin VII). Thus, somewhat un-
domains of synaptotagmin VII, with the originally clonedexpectedly, the paradigm of synaptotagmins I and II in
synaptotagmin VII mRNA (Li et al., 1995a) correspondingexocytosis holds true in terms of the Ca21 sensor func-
to a transcript lacking all of the alternatively splicedtion, but not in terms of their vesicular localization. As
sequences (Figure 2).a consequence, Ca21 triggering of neurotransmitter re-
The complete human synaptotagmin VII gene is in-lease may be more complex than previously thought
cluded in a 114 kb sequence from chromosome 11q12.2and may involve multiple synaptotagmins localized to
(GenBank Accession Number AC006409) and is com-opposing membranes at the synapse similar to SNARE
posed of 14 coding exons. Each of the five alternativelyproteins.
spliced sequences is contained in a single exon (exons
4–8, Figure 2A). The alternatively spliced sequences ex-Results
hibit no striking characteristics, such as internal repeats
or homology to other proteins, but are highly conservedStructure and Alternative Splicing
between rat and human (96% identity; Figure 2B). Anof Synaptotagmin VII
interesting feature of the alternatively spliced sequences
To study synaptotagmin VII protein, we raised antibod-
is the evolutionarily conserved in-frame stop codon in
ies to the synaptotagmin VII N terminus, connecting
the second variable exon (exon 5) that was confirmed
sequence (between TMR and C2A domain), and C2A do- in multiple independent PCR products and EST clones
main. Although all of these antibodies reacted with re- (Figure 2B). By contrast, although it was suggested that
combinant synaptotagmin VII produced in COS cells, alternative splicing of the synaptotagmin VII transcripts
the highest affinity and specificity was observed with can delete the TMR (Craxton and Goedert, 1999), no
the connecting-sequence antibodies (data not shown). such event was observed. The absence of such alterna-
We therefore affinity-purified these antibodies and em- tive splicing is easily explained by the genomic structure
ployed them in immunoblotting experiments with equiv- since skipping of the exon that encodes the TMR would
alent amounts of proteins from rat tissues (Figure 1A). place the subsequent exons out of frame, and thus be
Unexpectedly, the synaptotagmin VII antibodies reacted nonproductive (Figure 2A and data not shown). Further-
in brain with multiple proteins ranging from 45–90 kDa. more, no soluble protein reactive with the synaptotag-
At short exposure times, these proteins only detected min VII antibodies was detectable (data not shown).
in brain, but longer exposures uncovered low levels of As a result of the alternative splicing, various synapto-
the smaller variants also in other tissues. The general tagmin VII mRNAs are synthesized in brain that encode
tissue distribution of synaptotagmin VII observed in proteins with a large size range (Figure 2C). All of these
these immunoblots, with high protein levels only in brain proteins contain the N-terminal TMR with palmitoylated
and low levels widely present outside of brain, agrees cysteine residues (von Poser et al., 2000) but differ in
well with previous RNA blotting results (Li et al., 1995a). their C-terminal sequences. One set of proteins is trun-
However, the finding of multiple synaptotagmin VII-reac- cated after the TMR and lacks C2 domains. Other synap-
tive proteins that span a large size range (Figure 1A) totagmin VII proteins contain only short connecting se-
was unexpected. To test if these bands were in fact quences between the TMR and the C2 domains (45–115
specific, we immunoprecipitated rat brain synaptotag- residues), while yet another set includes large insert
min VII with the affinity-purified connecting-sequence sequences (up to 314 residues). Truncated synaptotag-
antibodies, and immunoblotted the immunoprecipitates min VII is not detected by our high-affinity antibodies
with affinity-purified C2A domain antibodies. This experi- since these were raised against the sequence of the
connecting region corresponding to exon 9 (Figure 2);ment confirmed that all of the 45–90 kDa bands contain
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Figure 1. Expression of Multiple Forms of Synaptotagmin VII
(A) Tissue-specific expression of synaptotagmin VII. Proteins from the indicated rat tissues were analyzed by SDS-PAGE and immunoblotting
using an antibody against the connecting sequence between the TMR and the C2A and C2B domains of synaptotagmin VII (top panel), or an
antibody to the ubiquitous protein VCP/p97 as a loading control (bottom panel).
(B) Developmental regulation of synaptotagmin VII isoforms. Proteins extracted from the total brains of rats of the indicated ages (E19 5
embryonic day 19; P1–P18 5 postnatal days 1–18) were analyzed by immunoblotting with antibodies to synaptotagmin VII (Syt VII), synaptotag-
min I (Syt I), and rab5.
(C) Regional regulation of expression of synaptotagmin VII isoforms. The indicated brain regions were microdissected from an adult rat.
Proteins in these regions were then examined by immunoblotting with synaptotagmin VII and syntaxin 1 antibodies. At least six synaptotagmin
VII size variants can be distinguished, and are labeled a–f on the right. In all panels, numbers on the left indicate positions of molecular weight
markers.
thus, we cannot be sure that the mRNAs with the stop purified synaptotagmin VII antibodies and analyzed the
staining patterns by light and electron microscopy. Sy-codon after the TMR produce stable protein products.
The other variants, however, are clearly present in brain naptotagmin VII immunoreactivity was observed in the
gray matter throughout the brain (Figure 3A). Blockageas revealed by the multiple protein bands detected with
the synaptotagmin VII antibodies, with the largest sy- with the antigen used to raise the antibody completely
abolished synaptotagmin VII staining, suggesting thatnaptotagmin VII isoforms being longer than any other
synaptotagmin (Figure 1A). it is specific (Figure 3B). In the hippocampus, synapto-
tagmin VII and the synaptic vesicle protein synaptoporinAs a test of the possible significance of the alternative
splicing of synaptotagmin VII, we asked if it is random exhibited very similar patterns, suggesting that they are
colocalized (Figures 3C and 3D). For both proteins, neu-or regulated. Immunoblotting of rat brain proteins from
different developmental stages revealed that the small- ronal cell bodies were spared by immunoreactivity, while
mossy fiber synapses in the CA3 region were particularlyest synaptotagmin VII variants detected by our anti-
body—the forms present at low levels outside of strongly labeled (open arrows). Since presynaptic mossy
brain—is continuously expressed during postnatal de- fiber terminals form large synapses onto pyramidal CA3
velopment (Figure 1B). The high molecular weight vari- neurons, this staining pattern is typical for a presynaptic
ants of synaptotagmin VII, by contrast, were only ob- marker (Figure 3E). Enrichment of synaptotagmin VII in
served at high levels 2–3 weeks after birth when they presynaptic nerve terminals was also suggested by
became the major synaptotagmin VII isoforms in fore- higher power views of brainstem neurons that revealed
brain. Their time course of expression parallels that of abundant reaction products in the synapses surrounding
synaptotagmin I and approximates synapse formation cell bodies (Figure 3F). To explore the precise localiza-
(Figure 1B). Analysis of different adult brain regions tion of synaptotagmin VII, we performed immunoelec-
showed that each brain region exhibits a distinct profile tron microscopy on hippocampal sections using silver
of synaptotagmin VII splice variants (Figure 1C). The enhancement of the signal. Consistent with the light
most complex pattern with at least six forms of synapto- microscopy, we observed high concentrations of reac-
tagmin VII was found in rostral brain regions, and the tion product in presynaptic nerve terminals (Figures 4A
simplest patterns in caudal brain regions. Together, and 4B). Reaction products were located close to the
these results show that synaptotagmin VII differs from presynaptic active zone and did not coincide with syn-
other synaptotagmins in being expressed in a panoply aptic vesicle clusters (see especially the high magnifica-
of alternatively spliced isoforms whose production is tion views in Figures 4C and 4D). These data suggest
regionally and developmentally regulated. that synaptotagmin VII are enriched in synapses like
synaptotagmins I and II, but different from these is tar-
geted to the plasma membrane at the active zone in-Localization of Synaptotagmin VII at the Synaptic
Plasma Membrane stead of synaptic vesicles.
To independently confirm the plasma membrane lo-To determine the localization of synaptotagmin VII in
brain, we reacted mouse brain sections with affinity- calization of synaptotagmin VII, we carried out subcellu-
Neuron
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Figure 2. Structure and Alternative Splicing of Synaptotagmin VII
(A) Structure of the synaptotagmin VII protein and gene. The protein structure is shown on top, the gene structure below, and the relative
distribution of protein domains into genomic exons is indicated. The five alternatively spliced exons between the transmembrane region (TMR)
and C2A and C2B domains (exons 4–8) are shown in gray. The asterisk above exon 5 (that is alternatively spliced) indicates the position of
the conserved stop codon.
(B) Sequence of the alternatively spliced region of human and rat synaptotagmin VII encoded in the gene by exons 4–8. Triangles mark
positions of introns, with each intron interrupting the indicated amino acid between the second and third nucleotide of the codon. The stop
codon in exon 5 is represented by an asterisk. The nine nonconserved amino acids are highlighted.
(C) Multiple synaptotagmin VII proteins encoded by combinations of alternatively spliced exons. Examples are shown of truncated synaptotag-
min VII’s that include exon 5, a small variant that does not contain an alternatively spliced exon, and large forms containing multiple alternatively
spliced exons except for exon 5.
lar fractionations. Synaptosomes from rat brain were fied synaptic vesicles. Alternatively, some synaptotag-
min VII may recycle with synaptic vesicles after exo-used to isolate synaptic plasma membranes and synap-
tic vesicles by sucrose-gradient centrifugations (Figure cytosis similar to the plasma membrane SNARE proteins
syntaxin and SNAP-25 (Otto et al., 1997). Lower levels5). All synaptotagmin VII splice variants were concen-
trated in synaptic plasma membranes together with neu- of synaptotagmin I and synaptogyrin I were present in
purified synaptic plasma membranes, probably becauserexins, well characterized synaptic plasma membrane
proteins (Ushkaryov et al., 1992). Very little synaptotag- these membranes contain docked synaptic vesicles
(Figure 5). The localization of synaptotagmin VII on syn-min VII immunoreactivity was detected in synaptic vesi-
cles that were enriched in the synaptic vesicle proteins aptic plasma membranes was supported by analysis of
synaptic vesicles that were highly purified by controlledsynaptotagmin I and synaptogyrin I (Figure 5, lane 5).
The small amount of synaptotagmin VII in synaptic vesi- pore-glass chromatography (data not shown). This anal-
ysis demonstrated that synaptotagmin I and synapto-cles may be due to the fact that organelle separations
during subcellular fractionation are never 100%, and gyrin I coenrich with the vesicles upon purification, while
synaptotagmin VII does not. It should be noted thatsome plasma membrane contaminations remain in puri-
Synaptotagmin VII Function in Exocytosis
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Figure 3. Immunocytochemical Localization
of Synaptotagmin VII by Light Microscopy
(A and B) Low-magnification views of total
mouse brain sections stained with affinity-
purified synaptotagmin VII antibodies without
(A) or with antigen blockage (B).
(C and D) Comparison of staining patterns
for synaptotagmin VII (C) and the synaptic
vesicle protein synaptoporin (D) in rat hippo-
campus. Selected brain areas are labeled (C,
cortex; CA1 and CA3, CA1 and CA3 regions
of the hippocampus; DG, dentate gyrus; open
arrow, mossy fibers; closed arrow, granule
cell layer).
(E and F) High-magnification views of presyn-
aptic mossy fiber terminals ([E]; mf, mossy
fibers as indicated by the open arrow) or brain
stem neurons ([F]; closed arrows point to syn-
apses decorating the cell bodies). All sections
were visualized using HRP-labeled second-
ary antibodies with metal enhancement.
at equal abundance, the effective concentration of a lular localization of the GFP used to visualize the protein
(Figure 6).presynaptic active zone protein would be much higher
than that of a synaptic vesicle protein. Because of
the high concentrations of synaptic vesicles in brain, the Function of Synaptotagmin VII
in Ca21-Triggered Exocytosistotal vesicle membrane area is large compared to the
relatively small size of synaptic active zones. In this light, Since synaptic plasma membranes are the fusion part-
ners for synaptic vesicles during Ca21-triggered exo-the overall lower concentration of synaptotagmin VII in
active zones than of synaptotagmins I and II in synaptic cytosis, the localization of synaptotagmin VII to these
membranes suggests a possible function in synapticvesicles may translate into equivalent local concentra-
tions. vesicle exocytosis as target Ca21 sensors. This idea is
supported by the observation that synaptotagmin VII isIn view of the strong sequence similarity between syn-
aptotagmins I and VII, their differential targeting to syn- a Ca21 binding protein (Li et al., 1995a, 1995b). To test
it, we employed PC12 cells as a model system becauseaptic vesicles and synaptic plasma membranes, respec-
tively, is surprising. We therefore tested this result by PC12 cells are widely used in studies of the mechanism
of synaptic vesicle fusion (Walent et al., 1992; Chen etyet another independent method, using transfected neu-
roendocrine PC12 cells. Immunoblotting showed that al., 1999a; Sugita et al., 1999; Avery et al., 2000; Gerona
et al., 2000).PC12 cells endogenously express several forms of syn-
aptotagmin VII, but the concentration of synaptotagmin We loaded PC12 cells with 3H-labeled norepinephrine,
permeabilized them by freeze-thawing as describedVII in these cells was too low for a reliable localization,
especially since synaptotagmin VII appeared to be dif- (Klenchin et al., 1998), and measured release of norepi-
nephrine as a function of Ca21 in the presence of ATPfusely distributed over the entire plasma membrane
(data not shown; see also below). We used transfected and brain cytosol. Without addition of recombinant pro-
teins, Ca21 caused robust secretion from the permeabil-GFP-synaptotagmin fusion proteins to localize synapto-
tagmins I and VII, an approach that also allowed us ized cells, which was dependent on brain cytosol (Fig-
ure 7A). Ca21 titrations revealed a bell-shaped dose/to analyze truncated synaptotagmin VII that cannot be
detected by our antibodies. GFP-labeled truncated, response curve with a maximum at low micromolar Ca21
concentrations (Figure 7B; see also Klenchin et al.,short, and long forms of synaptotagmin VII and GFP-
labeled full-length synaptotagmin I were expressed in 1998). We then analyzed the effects of micromolar con-
centrations of the C2A and C2B domains from variousPC12 cells (Figure 6). Confocal microscopy showed that
all splice variants of synaptotagmin VII were largely synaptotagmins on Ca21-dependent secretion of norepi-
nephrine from the permeabilized PC12 cells (Figure 7C).found in the plasma membrane. By contrast, GFP-synap-
totagmin I was targeted to intracellular structures, most The C2 domains were added as GST fusion proteins,
with GST alone as a control, isolated by standard proce-likely secretory vesicles. Plasma membrane targeting of
synaptotagmin VII was also observed when GFP was dures in electrophoretically pure form. Strong inhibition
was observed with the C2A and the C2B domain of synap-fused to the N terminus instead of the C terminus, sug-
gesting that the plasma membrane targeting of synapto- totagmin VII; each C2 domain decreased secretion more
than 60% at the protein concentration used in the experi-tagmin VII is independent of the cytoplasmic or extracel-
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Figure 4. Localization of Synaptotagmin VII by Immunoelectron Mi-
croscopy in the Hippocampus
Figure 5. Enrichment of Synaptotagmin VII in Synaptic Plasma
Panels show representative views of the CA1 region of mouse hippo- Membranes Isolated by Subcellular Fractionation
campus stained with affinity-purified synaptotagmin VII antibodies
Rat brain homogenate (lane 1) was used to prepare a low-speedfollowed by silver enhancement. Note that presynaptic nerve termi-
supernatant (lane 2) and synaptosomes (lane 3). Synaptosomalnals are selectively stained with an accumulation of the silver en-
membranes (lane 4), synaptic vesicles (lane 5), highly purified synap-hancement reaction product next to the presynaptic plasma mem-
tic plasma membranes (lane 6), and mitochondria (lane 7) were thenbrane, whereas the vesicle cluster (asterisks) is not labeled (arrows,
isolated from the synaptosomes. Fractions were analyzed for thepostsynaptic densities). Calibration bars: (A and B), 0.2 mm; (C and
indicated proteins by SDS-PAGE and immunoblotting with the anti-D), 0.1 mm.
bodies shown (Syt VII and Syt I, synaptotagmins VII and I; Syg I,
synaptogyrin I), or by Coomassie blue staining (bottom panel). Note
the enrichment of synaptotagmin VII with neurexins in synapticment (6 mM; closed arrows in Figure 7C). Furthermore,
plasma membranes (lane 6). Little synaptotagmin VII reactivity isconsistent with previous studies (Desai et al., 2000),
detectable in synaptic vesicles that contain the vesicle proteinsthe C2B domain of synaptotagmin I caused moderate
synaptotagmin I and synaptogyrin I (lane 5). Numbers on the left
inhibition of secretion, while the C2A domain had no indicate positions of molecular weight markers.
effect. As additional control, the C2A domains of synap-
totagmin II (which is almost identical to synaptotagmin
I) and of synaptotagmin IV (which is very different) also
did not impair Ca21-evoked secretion (Figure 7C).
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Figure 6. Localization of GFP-Synaptotag-
mins in Transfected PC12 Cells
PC12 cells were transfected with C-terminal
GFP fusion proteins of truncated, short, and
long forms of synaptotagmin VII (SytVIIT-GFP,
SytVIIS-GFP, and SytVIIL-GFP, respectively
[A–D, G, and H]; see Figure 2 for the structures
of these synaptotagmin VII variants). In addi-
tion, an N-terminal GFP fusion protein of the
short splice variant of synaptotagmin VII ([E
and F], GFP- SytVIIS), and a C-terminal GFP
fusion protein of synaptotagmin I ([I and J],
SytI-GFP) were transfected. Pictures show
representative cells in which the GFP-synap-
totagmins were visualized by confocal mi-
croscopy. Calibration bar: 2 mm.
The strong inhibition of secretion by the C2A and the C2 domains changes their inhibitory activity. We found
that washed synaptotagmin I C2B domain had lost itsC2B domain of synaptotagmin VII suggests a role for
synaptotagmin VII in secretion. Why then does the C2B significant effect on Ca21-triggered secretion (Figure 7D,
open arrow). By contrast, the same washing proceduredomain of synaptotagmin I also cause inhibition (al-
though less severely), if synaptotagmin I is not directly slightly enhanced the potency of the C2A and the C2B
domain of synaptotagmin VII, which thus act in exo-involved in Ca21-triggered exocytosis in PC12 cells
(Shoji-Kasai et al., 1992)? Studies on the three-dimen- cytosis from PC12 cells by a selective mechanism (Fig-
ure 7D, closed arrows).sional structure of the synaptotagmin I C2B domain sug-
gested that this domain, as opposed to the C2A domain, The recombinant C2A domain of synaptotagmin VII
presumably inhibits norepinephrine secretion becauseis rather sticky and often contains impurities (Y.L.,
T.C.S., J. Ubach, I. Fernandez, D. Arac, and J. Rizo, it competes with endogenous synaptotagmin VII for
binding to an essential target in fusion. To ensure thatunpublished data). We therefore tested if washing the
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Figure 7. Effect of Synaptotagmin C2 Domains on Ca21-Triggered Norepinphrine Secretion in Permeabilized PC12 Cells
(A) Ca21-triggered norepinephrine (NE) release from permeabilized PC12 cells is dependent on brain cytosol. PC12 cells preloaded with 3H-
labeled norepinephrine were permeabilized by freeze-thawing and incubated in the presence and absence of Ca21 with and without brain
cytosol. Results shown are means 6 SEMs from a single representative experiment performed in triplicates, with released norepinephrine
plotted as percent of the total norepinephrine in the cell.
(B) Ca21 titration of norepinephrine secretion from permeabilized PC12 cells. Free Ca21 was clamped with Ca21/EGTA buffers at the indicated
concentrations. Data shown are means 6 SEMs from a single representative experiment performed in triplicates plotted as in (A).
(C) Effect of synaptotagmin C2A and C2B domains on Ca21-triggered norepinephrine secretion from permeabilized PC12 cells. Release induced
by 10 mM Ca21 was measured in the presence of brain cytosol after addition of the indicated C2 domains as GST fusion proteins (6 mM), or
of GST alone (9 mM). The C2 domain proteins used were isolated in electrophoretically pure form by standard procedures. The three C2 domains
with statistically significant changes are marked by open (synaptotagmin I C2B domain) or closed arrows (synaptotagmin VII C2A and C2B
domains). Data shown are means 6 SEMs from multiple experiments (n 5 2–10) performed in triplicates; release is plotted as the normalized
Ca21-dependent component of release.
(D) Effects of synaptotagmin C2A and C2B domains on Ca21-triggered norepinephrine secretion from permeabilized PC12 cells analyzed as
in (C), except that the recombinant synaptotagmin C2 domains were washed with a 1 M NaCl, 1% Triton X-100 solution during purification to
remove impurities attached to the C2B domains. Data shown are means 6 SEMs from multiple experiments (n 5 3) performed in triplicates;
release is plotted as normalized Ca21-dependent component.
the observed specificity of the synaptotagmin VII C2 effect was observed: the inhibitory activity of the C2A
domain was selectively absent at very low Ca21 concen-domains in exocytosis is not due to an artifact, we char-
acterized the inhibitory effects of the C2A domain in trations (less than 1 mM) in spite of strong inhibition at
higher Ca21 concentrations (Figure 8D). In addition todetail. One possibility is that the C2A domain of synapto-
tagmin I is simply less active than the synaptotagmin ruling out the Ca21 buffer idea, the lack of an effect of
the synaptotagmin VII C2A domain at low Ca21 concen-VII C2A domain and requires higher protein concentra-
tions. To address this, we titrated Ca21-triggered secre- trations shows that the C2A domain does not cause a
global disintegration of the secretory apparatus. It alsotion as a function of the protein concentration, using
GST alone as a control. Even at high concentrations, suggests that at low Ca21 concentrations, a different
Ca21 sensor operates during exocytosis that is not inhib-little inhibition by the C2A domain of synaptotagmin I
was observed (Figure 8A). At the same concentrations, ited by the C2A domains, possibly calmodulin (Hooper
and Kelly, 1984; Chamberlain et al., 1995; Chen et al.,the C2A domain of synaptotagmin VII blocked Ca21-
dependent exocytosis completely but had no effect on 1999b). Thus the C2A domain does not simply shift the
Ca21 concentration dependence but causes a funda-basal Ca21-independent norepinephrine release (Figure
8B). It should be noted that the synaptotagmin VII C2A mental block of secretion at physiological Ca21 concen-
trations.domain is active in these experiments at protein concen-
trations of less than 1 mM. This compares well with the
higher concentrations of recombinant SNAREs required Synaptotagmin VII Function Requires Ca21 Binding
Since the synaptotagmin VII C2 domains are Ca21 bind-in similar PC12 cell experiments (Chen et al., 1999a),
suggesting that the complete inhibition of secretion by ing domains, they presumably inhibit secretion in a Ca21-
dependent reaction. To examine this hypothesis, wethe C2A domain of synaptotagmin VII is indeed specific.
Another possible explanation for the activity of the focused again on the C2A domain because Ca21 binding
to C2A domains has been extensively characterized,synaptotagmin VII C2A domain is that it inhibits secretion
not as a dominant negative for an endogenous target, whereas C2B domains are not well understood (Li et al.,
1995a; Ubach et al., 1998). Sequence alignments showbut because it indirectly interferes with the action of
Ca21, for example by buffering Ca21. If this was correct, that the five aspartate residues and the serine residue
involved in Ca21 binding to the C2A domain of synapto-the inhibitory effect should be overcome by increasing
the Ca21 concentration. However, increasing the Ca21 tagmin I are conserved in synaptotagmin VII (Figure 9A).
To test if Ca21 binding to the synaptotagmin VII C2Aconcentration did not alleviate the inhibitory effect of
the C2A domain (Figure 8C). Interestingly, the opposite domain is required for its inhibitory effect, we prepared
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Figure 8. Properties of the Synaptotagmin
VII C2A Domain as an Inhibitor of Exocytosis
(A and B) Effect of increasing concentrations
of the C2A domains from synaptotagmin I ([A],
Syt I) and VII ([B], Syt VII) on exocytosis. Per-
meabilized PC12 cells were incubated with
the indicated concentrations of GST alone
(gray symbols) or GST-C2A domain fusion
proteins (black symbols), and exocytosis was
stimulated with 10 mM Ca21. Note that 12 mM
synaptotagmin VII C2A domain completely
blocks Ca21-dependent norepinephrine se-
cretion, while synaptotagmin I has no signifi-
cant effect. Only the Ca21-dependent compo-
nent of norepinephrine release is shown. All
data shown are means 6 SEMs from multiple
experiments (n 5 3–5) performed in dupli-
cates.
(C and D) Ca21 titration of the inhibition of
exocytosis by the C2A domain of synaptotag-
min VII. In (C), norepinephrine secretion from
permeabilized PC12 cells was measured over
the entire range of the Ca21 dose/response
curve in the presence of 9 mM GST alone
(gray symbols) or of 6 mM of GST-synaptotag-
min VII C2A domain (black symbols). In (D), the
effect of the synaptotagmin VII C2A domain on
Ca21-evoked secretion was titrated at very
low Ca21 concentrations to precisely map at
what Ca21 concentration the C2A domain
starts to inhibit Ca21-triggered secretion. Ex-
periments were performed identically to (A).
individual point mutants for three of the five aspartate Discussion
residues in the presumptive Ca21 binding sites. As con-
trols, we mutated three other negatively charged resi- Thirteen synaptotagmin isoforms are known in brain,
but only synaptotagmins I and II have an establisheddues (Figure 9A). Most of the mutants expressed well
in bacteria and were not degraded or sequestered in function. This contrasts with the well-characterized
Ca21-dependent binding of most synaptotagmins toinclusion bodies (Figure 9B). We then measured the abil-
ity of the various mutants to inhibit Ca21-triggered secre- phospholipids and to syntaxin (Davletov and Su¨dhof,
1993; Chapman and Jahn, 1994; Li et al., 1995a; Keetion in PC12 cells (Figure 9C). Two of the three mutations
in the presumptive Ca21 binding sites (D172N and and Scheller, 1996; Chapman et al., 1996; Sugita et al.,
1996; Osborne et al., 1999). At present, a generally ac-D225N) completely abolished the activity of the C2A do-
main, whereas none of the control mutations impaired cepted hypothesis suggests that all synaptotagmins are
vesicular trafficking proteins with similar functions (re-its inhibitory ability. Surprisingly, the third mutant in the
presumptive Ca21 binding site (D227N) did not reverse viewed in Marqueze et al., 2000). This hypothesis is
based on the synaptotagmin I/II paradigm and is sup-inhibition similar to the other Ca21 binding site mutants,
but even slightly enhanced inhibition (Figure 9C). ported by the homology among synaptotagmins, the
similarity between their Ca21-dependent properties, andWe then examined the effects of the mutations in the
synaptotagmin VII C2A domain on Ca21 binding (Figure their widespread distribution. We now show, however,
that synaptotagmin VII, probably the most abundant10). For this purpose, we used the Ca21-dependent
phospholipid binding assay because C2A domains of synaptotagmin after synaptotagmins I and II, is synthe-
sized at high levels only in brain (Figure 1), where it issynaptotagmins probably normally function in a Ca21/
phospholipid complex, as their intrinsic Ca21 affinity in primarily located on the synaptic plasma membrane and
is largely absent from synaptic vesicles and other trans-the absence of phospholipid bilayers is too low (.5 mM)
to be physiologically relevant (Li et al., 1995a; Ferna´n- port vesicles (Figures 3–6). Based on subcellular frac-
tionations and immunoelectron microscopy, synapto-dez-Chaco´n et al., 2001). Strikingly, only the two muta-
tions that abolished inhibition of exocytosis (D172N, tagmin VII appears to be concentrated in the active zone
of central synapses. In addition, we demonstrate thatD225N) interfered with Ca21 binding (Figures 10B and
10C). All of the control mutations tested had no apparent synaptotagmin VII is expressed in a multitude of alterna-
tively spliced forms (Figures 1 and 2). Alternative splicingeffect. The third mutation in the presumptive Ca21 bind-
ing site, D227N, even slightly enhanced phospholipid produces truncated variants of synaptotagmin VII with-
out C2 domains, “regular” short forms, and “extralarge”binding, suggesting that the Ca21 binding sites in the
C2A domain of synaptotagmin VII may differ from those synaptotagmin VII in which the C2 domains are sepa-
rated from the TMR by more than 400 residues. Weof synaptotagmin I (Figure 10D). These results show
that Ca21 binding to the C2A domain is essential for its also describe that alternative splicing is highly regulated.
Various splice products are differentially expressed indominant-negative effect on Ca21-triggered secretion.
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Figure 9. Inhibition of Ca21-Triggered Secretion Requires an Intact Ca21 Binding Site in the C2A Domain of Synaptotagmin VII
(A) Sequence comparison of the C2A and C2B domains of synaptotagmins I and VII. Sequences are aligned for maximal homologoy, with
shared residues shown on a dark background. The locations of b strands (solid lines; b1–b8) and top loops (stippled lines) in the C2 domain
b sandwich are indicated above the sequences. In all sequences, aspartate and serine residues that correspond to amino acids that are
involved in Ca21 binding in the synaptotagmin I C2A domain are displayed on a black background. Residues that were mutated in the current
study to analyze the requirement of Ca21 binding for affecting exocytosis are shown in red.
(B) Analysis of purified wild-type and mutant C2A domains by SDS-PAGE and Coomassie staining.
(C) Effect of various mutations in the synaptotagmin VII C2A domain on exocytotic activity. Norepinephrine secretion was triggered by 10 mM
Ca21 in permeabilized PC12 cells incubated with either no addition, 9 mM GST, or 6 mM wild-type and mutant GST fusion protein of the C2A
domains. Each mutant protein carries a single amino acid substitution as indicated. All data shown are means 6 SEMs from multiple experiments
(n 5 3–7) performed in triplicates.
different brain regions, and alternative splicing changes mice, flies, and worms are only partly impaired in Ca21-
dependent release (Littleton et al., 1993; Nonet et al.,in parallel with synaptogenesis. In spite of their diversity,
however, all splice variants appear to be present on the 1993; Broadie et al., 1994; Geppert et al., 1994). Further-
more, it would resolve important questions about thesynaptic plasma membranes, suggesting that alterna-
tive splicing regulates function but not localization (Fig- potential role of synaptotagmin as a Ca21 sensor in re-
lease caused by these findings (see, for example, Neherure 5).
The localization of synaptotagmin VII on the active and Penner, 1994; Kelly, 1995). Therefore, we tested the
function of synaptotagmin VII using PC12 cells as azone is similar to that of synaptotagmins III and VI that
were previously shown to be on the plasma membrane, model system because extensive studies have estab-
lished the utility of these cells for studying protein func-although a precise localization to active zones by immu-
noelectron microscopy was not possible (Butz et al., tion in neurotransmitter release (e.g., see Walent et al.,
1992; Chen et al., 1999a; Sugita et al., 1999; Avery et1999). The plasma membrane localization raises the
possibility that synaptotagmin VII (and possibly other al., 2000; Gerona et al., 2000).
Our data reveal that the C2A and the C2B domain ofplasma membrane synaptotagmins) may function in
neurotransmitter release opposite to, but cooperative synaptotagmin VII are potent and selective inhibitors of
Ca21-triggered secretion (Figure 7). Inhibition occurredwith, synaptotagmins I and II located on synaptic vesi-
cles. Such a function would satisfy previous indications at low micromolar concentrations of recombinant pro-
tein, suggesting that the synaptotagmin VII C2 domainsthat additional Ca21 sensors must be involved in neuro-
transmitter release because synaptotagmin I mutants in are more effective dominant-negative inhibitors of fu-
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sion than for example syntaxin fragments (Figure 8).
Mutagenesis of the C2A domain of synaptotagmin VII
demonstrated that Ca21 binding to the domain was re-
quired for its activity, and indicated that the Ca21 binding
sites in synaptotagmins I and VII may exhibit structural
differences that could correlate with their functional dif-
ferences (Figures 9 and 10). The inhibitory effect of the
synaptotagmin VII C2 domains was highly specific since
the C2 domains from synaptotagmins I, II, and IV were
inactive. The C2B domain of synaptotagmin I may have
a moderately inhibitory effect (Figure 7C), as also re-
ported by others (Desai et al., 2000). However, this effect
was largely abolished under our experimental conditions
when we “washed” the C2B domain with high salt buff-
ers, whereas the same washes did not alter the inhibitory
activity of the synaptotagmin VII C2 domains (Figure 7D).
Viewed together, these results suggest that synaptotag-
min VII serves as a plasma membrane Ca21 sensor in
exocytosis in PC12 cells, and by analogy also at the
synapse. Thus the distribution of synaptotagmins at the
synapse, proposed here to regulate fusion, mirrors the dis-
tribution of SNARE proteins, which are thought to exe-
cute fusion. This results in a picture of a similar symmet-
rical arrangement of SNARE proteins and of Ca21
binding synaptotagmins on both fusing membranes.
As a working model, we would like to propose that
multiple synaptotagmin Ca21 sensors govern synaptic
vesicle exocytosis. The model suggests that synapto-
tagmin VII, and possibly other plasma membrane synap-
totagmins (e.g., synaptotagmins III and/or VI), perform
a fundamental function in Ca21-triggered fusion at the
plasma membrane and are responsible for the residual
Ca21-dependent exocytosis observed in synapses lack-
ing synaptotagmin I (Geppert et al., 1994). Consistent
with this model, both vesicular and plasma membrane
synaptotagmins are conserved in invertebrates (Rubin
et al., 2000). The model suggests that the vesicular syn-
aptotagmins I and II are accelerators for Ca21-triggered
fusion which are necessary in central synapses to
achieve their characteristic fast Ca21-dependent re-
lease. However, the vesicular synaptotagmins are not
required for Ca21-triggered fusion as such, consistent
with the phenotypes of the synaptotagmin I mutants,
nor are they essential for slower exocytosis as observed
in PC12 cells. Interestingly, in preliminary studies we
observed that the major binding protein for the synapto-
tagmin VII C2A domain in brain is in fact synaptotagmin I.
Affinity chromatography on immobilized synaptotagmin
VII C2A domain resulted in stoichiometric binding of en-
dogenous brain synaptotagmin I, suggesting a tight in-
teraction that could serve to couple the two classes of
synaptotagmins during fast exocytosis (data not shown).
Recently, it was suggested that synaptotagmin VII
may mediate exocytosis of lysosomes in leukocytesFigure 10. Effect of Mutations in the C2A Domain of Synaptotagmin
VII on Ca21 Binding as Measured by Ca21-Dependent Phospholipid (Martinez et al., 2000). The possibility that even the low
Binding levels of synaptotagmin VII in peripheral tissues may be
Binding of radiolabeled liposomes composed of 70% phosphatidyl- sufficient for a universal function as a Ca21 sensor in
choline (PC) and 30% phosphatidylserine was measured as a func- exocytosis is intriguing. However, in the leukocyte study
tion of the free Ca21 concentration using a standard assay (see synaptotagmin VII was characterized as a vesicular syn-
Experimental Procedures). Panels show representative experiments aptotagmin specific for lysosomes, and the antibody
performed in triplicates in which wild-type C2A domain (WT; gray
used did not detect an abundant signal for synaptotag-symbols) is compared to various point mutants analyzed in Figure
min VII in brain. This is puzzling because the sequence9 (black symbols), with the mutations identified in each graph.
against which the antibody was directed is present in
all of the alternatively spliced forms of synaptotagmin
Neuron
470
and a 1.3 kb EcoRI-EcoRI fragment from pCMV-SytI was subclonedVII that are by far most abundant in brain. Future studies
into EcoRI site of pCMV5-EYFP to generate pCMV5-SytI-EYFP, andwill be required to resolve what protein was precisely
a 1.3 kb EcoRI-SmaI fragment from pCMV-SytVIIs was cloned intorecognized by this antibody.
corresponding sites of pCMV5-EYFP to make pCMV5-SytVIIs-EYFP.
Our findings raise a number of new questions. Chief pCMV5-SytVIIl-EYFP was made by subcloning a 0.9 kb Sse8387I-
among these is the biological importance of the regu- NotI fragment of pTAw14 into same sites of pCMV5-SytVIIs-EYFP.
To generate pCMV5-SytVIIt-EYFP, a 1.0 kb Sse8387I-NotI fragmentlated alternative splicing of synaptotagmin VII, which is
of pTAW20 was first subcloned into corresponding sites pCMV5-unique for this isoform (Figure 2). Existing data already
SytVIIs-EYFP, and then a 1.9 kb KpnI fragment was removed bygive clues to possible functions. Synaptotagmins I, II,
deletion.and VII bind with high affinity to the clathrin adaptor
protein AP2, suggesting that they are involved in endo-
Purification of GST Fusion Proteins
cytosis (Zhang et al., 1994; Li et al., 1995a; Haucke and Purification of GST fusion proteins was performed essentially as
De Camilli, 1999). This was confirmed with truncation described (Guan and Dixon, 1991; Sugita and Su¨dhof, 2000). Briefly,
mutants of synaptotagmin VII that severely impair endo- proteins expressed in BL21(DE3) were released by sonication and
incubated with glutathione agarose beads (0.3 ml/l culture) overnightcytosis in transfected cells (von Poser et al., 2000). Re-
at 48C. As a standard procedure, proteins were washed on the thecently, a novel synaptic vesicle pathway was described
agarose beads was washed once with 1 M NaCl, 10 ml PBS, 1 mMthat involves immediate reuse of the vesicles after exo-
EDTA and 0.1 g/L PMSF, and twice with, 10 ml PBS, 1 mM EDTA
cytosis (Pyle et al., 2000; Stevens and Williams, 2000). and 0.1 g/L PMSF. To remove the bacterial contaminants on the
The regulation of synaptic vesicle recycling after exo- C2B domain of synaptotagmin I, the agarose was packed into a
cytosis by either the classical clathrin-dependent endo- polypropylene column with a paper-disc column (Quick-Sep, Isolab),
and additionally washed four times with 5 ml PBS, 1 M NaCl, 1%cytosis pathway or the novel reuse pathway is unclear.
Triton X-100, 1 mM EDTA and 0.1 g/l PMSF, followed by six washesThe truncated forms of synaptotagmin VII produced by
with 5 ml PBS, 1 M NaCl, 1 mM EDTA, and 0.1 g/l PMSF. Purifiedalternative splicing could function here. Since truncated
protein was eluted from the agarose with 2.5 ml 100 mM Tris (pH
synaptotagmin VII inhibits clathrin-mediated endocyto- 8.0), 1 M NaCl, 2 mM EDTA, 40 mM glutathione, concentrated to
sis (von Poser et al., 2000), the ratio of truncated versus z0.2 ml by centricon centrifugation, and dialyzed twice with 0.5 liter
full-length synaptotagmin VII could regulate the chan- of KGlu buffer.
neling of exocytosed vesicles into different endocytosis
Production and Affinity Purification of Antibodiespathways. In addition to regulating the production of full-
and Immunoprecipitationslength versus truncated synaptotagmin VII, alternative
Antibodies were raised against recombinant GST fusion proteinssplicing also determines the distance of the C2 domains
containing the connecting sequence of the smallest nontruncated
from the TMR in synaptotagmin VII. If Ca21 binding to splice variant of synaptotagmin VII (“short” in Figure 2; antibody
the C2 domains indeed triggers membrane fusion, then S757; residues 46-133, sequence 5 GKRYKNSLETVGTPDSGRGR
the distance of the C2 domains from the TMR could GEKKAIKLPAGGKAVNTAPVPGQTPHDESDRRTEPRSSVSDLVNS
LTSEMLMLSPGSEEDEAHEGCSR), or the C2A domain (L184). In ad-modulate the efficiency or speed of membrane fusion.
dition, antibodies were raised against peptides coupled to keyholeIndependent of whether these or other hypotheses
limpet hemocyanin: an N-terminal peptide (sequence for antibodyabout the alternative splicing will turn out to be correct,
T3211 5 MYRDPEAASPGAPTRDVC) and three peptides from the
the diversity of synaptotagmin VII isoforms concen- connecting region (sequences: antibody T3216 5 GKAVNTAP
trated in the active zones of synapses suggests a role in VPGQTPHDESDR; antibody T3215 5 KNSLETVGTPDSGRGRGEK;
regulating specialized properties of individual synapses. antibody T3288 5 GRSRSNPGSWDHVVGQIRNR). Antibodies were
initially tested against recombinant synaptotagmin VII produced by
transfection in COS cells, and if reactive, were affinity purified onExperimental Procedures
the immobilized antigen as described (Butz et al., 1999). All peptide
antibodies were weak or nonreactive and recognized other bandscDNA Cloning, PCR Experiments, and DNA
in brain and peripheral tissues in addition to synaptotagmin VII, withSequence Analyses
the N-terminal antibody being the best. The C2A domain antibodiesA rat brain cDNA-library was screened with cDNA probes from syn-
were of high reactivity but were found to recognize multiple synapto-aptotagmin VII as described (Li et al., 1995a), leading to the isolation
tagmins when screened with various synaptotagmins expressed inof multiple cDNA clones with different combinations of alternatively
COS cells (data not shown), while the antibody against the recombi-spliced inserts. To determine how many different alternatively
nant connecting region was completely specific. To test if the multi-spliced sequences can be variably inserted into the synaptotagmin
ple bands in brain reactive with the connecting antibody were inVII mRNA, we employed PCR using primers flanking the alternatively
fact synaptotagmin VII isoforms, we used the specific connectingspliced regions (sequences: AGACTCGAGGCGTGGGCGCGGTGA
region antibody in immunoprecipitations as described (Butz et al.,GAAG, CGCGGTACCGGGCACTGGGGCTGTATTCAC) and double-
1998), and immunoblotted the immunoprecipitated proteins with thestranded cDNA from total rat brain (postnatal day 8). PCR products
C2A domain antibody. Since the first antibody is synaptotagmin VII-were cloned into pCR2.1-TOPO vector (Invitrogen), and 64 indepen-
specific, it does not matter for this experiment that the second alsodent clones were sequenced. The alternatively spliced sequences
crossreacts with other synaptotagmins.have been submitted to GenBank (accession numbers AF336852–
AF336860). All databank analyses were performed using the pro-
gram suite of the NCBI. Immunocytochemistry
Mice or rats were perfusion-fixed in 0.4% paraformaldehyde or in
0.2% glutaraldehyde, 2% paraformaldehyde in PBS (pH 7.4) for lightVectors
GST fusion proteins were produced with pGEX-KG vectors (Guan and electron microscopy, respectively, and continually fixed in the
same fixative overnight at 48C. For light microscopy, cryostat sectionsand Dixon, 1991). The mutants of the synaptotagmin VII C2A domain
were constructed by site-directed mutagenesis. To construct ex- (5–40 mm) from rat and mouse brains were probed with affinity-purified
synaptotagmin VII antibodies followed by horseradish peroxidase-pression vectors for GFP fusion proteins of synaptotagmins, we first
obtained pCMV5-EYFP by blunt ligation of the NcoI-NotI fragment labeled or biotin-labeled secondary antibodies and development of
the signal with the StreptABComplex/HRP kit (Dako, Denmark) orof pEYFP-N1 (Clontech) into the HindIII site of pCMV5. Then the
stop codons in the synaptotagmin I and VII cDNAs (Li et al., 1995a) by metal enhancement essentially as described (Rosahl et al., 1995).
As control for staining specificity, the signal was blocked with thewere converted into restriction sites by site-specific mutagenesis,
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recombinant protein used for antibody production, and preimmune transfection on a Bio-Rad MRC-1024 confocal microscope using a
1003 (NA1.3) objective.sera were analyzed. For immunoelectron microscopy, vibratome
sections (60 mm) were permeabilized in 0.2% Triton X-100 in PBS
for 20 min, blocked in 2% normal goat serum and 2% BSA for Ca21 Affinity Measurements Using Phospholipid Binding
30 min, and incubated with affinity-purified anti-synaptotagmin VII Ca21 affinity measurements using phospholipid binding were carried
antibody (1:50 dilution) in 1% normal goat serum, 1% BSA/PBS out with liposomes (30% PS/70% PC) essentially as described (Fer-
overnight at 48C. After washing with PBS, sections were incubated na´ndez-Chaco´n et al., 2001). Liposomes were labeled with trace
with anti-rabbit secondary antibody conjugated to 1.4 nm gold parti- amounts of tritiated PC and were bound to GST fusion proteins of
cles (1:100 dilution; Nanoprobes, Yaphank, NY) for 24 hr, fixed in wild-type and mutant synaptotagmin VII C2A domain immobilized
2% glutaraldehyde in PBS for 20 min, thoroughly washed with PBS, on agarose beads, with identical protein concentrations in the
rinsed with distilled water, and then finally silver-enhanced with assays. Free Ca21 concentrations were clamped with Ca21/EGTA
the HQ silver enhancement kit (Nanoprobes). Sections were then buffers.
postfixed in 0.5% osmium tetroxide in 0.1 M phosphate buffer (pH
7.4) for 30 min, dehydrated through a graded series of ethanol to Miscellaneous Procedures
100%, and embedded in Poly/Bed 812 epoxy resin (Polysciences, SDS-PAGE and immunoblotting were performed using standard
Inc., Warrington, PA). Ultrathin sections (60 nm) obtained with a procedures (Laemmli, 1970; Johnston et al., 1989). Immunoblots
Leica Ultracut UCT microtome were stained with 5% uranyl acetate were developed by enhanced chemiluminescence (Amersham).
and lead citrate and examined under a JEOL 1200EX transmission
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